Zika virus (ZIKV), dengue virus (DENV), chikungunya virus (CHIKV) and yellow fever virus (YFV) share the same mosquito vectors and have similar clinical manifestations early stage of infection. Therefore, simultaneously differentiating these viruses from each other is necessary. We developed a multiplex real-time reverse-transcriptase polymerase chain reaction (RT-PCR) assay for the differentiation of these four viruses in a single tube. The linear range was established by regression analysis, and the R 2 value for each virus was ≥0.98, and the 95% lower limit of detection for each virus was as follows (copies/reaction): ZIKV-Asian, 9; ZIKV-Africa, 15; CHIKV, 11; DENV-1, 19; DENV-2, 13; 24; 36; and YFV, 17 . Meanwhile, our multiplex real-time RT-PCR has a good consistency with the commercial singleplex assay. In summary, the developed assay can be effectively used for the diagnosis of ZIKV, DENV, CHIKV, and YFV infections.
Brazil has spread over the tropical and subtropical regions of the Western Hemisphere, 5 which resulted as a public health emergency with international concern. Meanwhile, the most notable thing was that some imported cases of ZIKV infection from South America and Oceania were reported in China, [6] [7] [8] where it has never been an outbreak. Therefore, there is a great risk of ZIKV outbreak in China;
thus, an efficient detection assay is required urgently for the control of ZIKV infection in China.
In recent years, DENV and CHIKV have a wide epidemic in
China mainly owing to the imported cases. In 2014, the dengue outbreak in Guangzhou resulted in 37 376 cases in total with 36 imported cases, and the isolated major pathogen DENV-2 strain was similar to those imported from Thailand, 9 In 1987, the first imported CHIKV case in China was reported in Xishuangbanna, Yunnan Province, thereafter 253 cases were documented in the maiden outbreak of CHIKV in Dongguan city, Guangdong Province, and this outbreak was caused by an imported case. 10 The imported YFV infection also occurred in China. The outbreak of YFV in 2016 led to 4347 suspected cases and 317 deaths in Angola, where there were over 250 000 Chinese workers and their YFV vaccination status was unclear. Meanwhile, there was 11 imported cases of YFV infection first reported in China, [11] [12] [13] which increased the risk of YFV outbreak in China.
ZIKV, DENV, YFV, and CHIKV not only share the same transmission media, but also similar clinical manifestations such as fever, myalgia, and headaches at the early stage of infection. [13] [14] [15] [16] Worse yet, these viruses cocirculate in some tropical and subtropical areas the world. As a consequence, it is far from enough to only detect ZIKV in febrile patients and a rapid diagnostic reagent that could differentiate these four pathogens is urgently needed.
Recently, virus isolation, enzyme-linked immunosorbent assay and reverse-transcriptase polymerase chain reaction (RT-PCR) have been used for the diagnosis of these viruses. Virus isolation in susceptible cell lines is the gold standard for detection, but it is not an appropriate clinical diagnostic assay in early infection since it is laborious and time-consuming. 17 Because of the low level of immunoglobulin M in early infection and substantial crossreactivity among these four viruses, enzyme-linked immunosorbent assay is also not advised to be used in early diagnosis. 18 of DENV. 19 Waggoner et al also reported a triplex real-time RT-PCR assay targeting NS4B region of ZIKV, nsP2 from CHIKV, and 5ʹ-UTR of DENV. 20 However, a multiplex real-time RT-PCR capable of detecting these four viruses simultaneously has not
been reported yet.
In this study, we aim to develop a multiplex real-time RT-PCR assay with Taqman probes allowing simultaneous detection of these four pathogens using only four sets of primers and four fluorophorelabeled probes in a single tube. Genomic locations are based on the following reference sequences: ZIKV-Asian (GenBank accession no. JN860885), DENV-3 (GenBank accession no. KF824902), YFV (GenBank accession no. U17066), and CHIKV (GenBank accession no. JX088705). Abbreviation: CHIKV, chikungunya virus; DENV, dengue virus; UTR, untranslated region; YFV, yellow fever virus; ZIKV, Zika virus.
| MATERIALS AND METHODS

| Reference viruses
of the reference virus strains. The detail information of reference viruses was described in Table S1 in the Supporting Information 
| Primers and probes design
All the nucleotide sequences were downloaded from the National and the detail information of primes and probes is provided in Table 1 . The length of all amplicons was 71 to 165 base pairs.
Furthermore, all primers and probes were confirmed by a BLAST search for their specificity. The primers and probes were synthesized by Sangon Biotech (Shanghai, China).
| Multiplex real-time RT-PCR
The 3 | RESULTS
| Specificity
The RNA of each reference virus was amplified by our multiplex assays to evaluate its cross-amplification. No cross-amplification was observed among these four viruses. In addition, assay exclusivity was 
| Linearity and sensitivity
To evaluate linearity of our multiplex assays, serial 10-fold dilutions of the RNA extracted from the corresponding reference viruses were amplified by our multiplex assays, and each concentration was detected in triplicate in one run. The linear range was established by regression analysis, and the R 2 value of each linear regression was ≥0.98 ( Figure 1 ).
The PCR efficiency of each virus was as follows: DENV-1, 81.57%; DENV-2, 88.24%; DENV-3, 84.78%; DENV-4, 77.57%; ZIKV-Asian, 100%; ZIKV-Africa, 84.70%; CHIKV, 84.78%; and YFV, 85.70%.
Based on the results of linearity, the lowest concentration of RNA was used as the starting point for further two-fold dilution with 20
replicates. The end-point dilution was set as the concentration at which a positive amplification signal was obtained from at least 19 replicates (95%). Finally, the 95% lower limit of detection of our multiplex assays was calculated and listed in Table 2 .
| Intraassay and interassay reproducibility
The RNA of ZIKV-Asian (FSS13025), DENV-1 (GZ35), CHIKV (GD05), and YFV (17DD) with median and low viral load was selected as templates to evaluate the reproducibility of our multiplex assays. Two independent runs were performed with each template tested in triplicate in every run. The intraassay variability of our multiplex assays varied from 0.03% to 2.28%, and the interassay variability ranged from 0.47% to 1.59% (Table 3) .
| Accuracy
To evaluate the accuracy of our multiplex assays from different matrices, we spiked 10 negative human serum samples and 10 negative human urine samples with different concentrations of ZIKV-Asian (FSS13025)-infected cell supernatants. In addition, after successfully constructing a neonatal murine model for ZIKV studies in our laboratory, 22 we collected five urine and five blood samples from ZIKV-infected newborn mice. Each specimen was simultaneously tested by commercial assay (Liferiver, Shanghai, China) and our multiplex assays. The results (Figure 2 ) showed that our multiplex assays was similar to the average C t value detected by commercial assay and the bias (difference between the means) is only 0.08 (95% CI: −0.68 to 0.84) in the simulation of ZIKV clinical specimens.
| Testing of coinfections
To assess the accurate detection in cases of ZIKV, DENV, YFV, and CHIKV coinfections, coinfection samples were simulated by combining the cultured ZIKV-Asian (FSS13025), DENV-1 (GZ35), CHIKV (GD05), and YFV (17DD) cell supernatants with high and low viral loads. Then, six coinfection samples were tested in triplicate by our multiplex assay. The results ( Abbreviation: CHIKV, chikungunya virus; C t , cycle threshold; CV, coefficient of variation; DENV, dengue virus; LLOD, lower limit of detection; YFV, yellow fever virus; ZIKV, Zika virus.
F I G U R E 2 Bland-Altman plot of differences between commercial assay and our multiplex assays. The Bland-Altman method calculated the mean difference (bold line) and 95% confidence interval of the consistency (dotted lines) between commercial assay and our multiplex assays. C t , cycle threshold lead to severe illnesses such as dengue shock or dengue hemorrhagic fever. 24 YFV targets the liver and causes severe liver damage and jaundice. 25 In addition, coinfection with these viruses in patients also has been reported, 26, 27 which may cause misdiagnosis or missed diagnosis for clinicians. Therefore, early rapid differential diagnosis of these pathogens infection is an urgent need for medical workers to make proper managements and it would contribute to the control of diseases.
At current stage, real-time RT-PCR is the common approach to detect ZIKV owing to its specificity and sensitivity. 28 However, the singleplex real-time RT-PCR has to be performed at least time times to detect whether the pathogen is ZIKV, DENV, YFV, or CHIKV in febrile patients, and it is impossible to simultaneously detect the coinfection of these viruses. Therefore, the multiplex real-time RT-PCR methods have been widely studied to differentiate the infection of these viruses in diagnostic labs due to their time and cost savings. Simmon et al 24 developed and validated an one-step multiplex RT-PCR to simultaneously differentiate between DENV and CHIKV. And the triplex real-time RT-PCR assay for simultaneous detection of ZIKV, DENV, and CHIKV has been reported. 11, 19, 20 However, these assays are still insufficient to simultaneously distinguish the infection of YFV from other arbovirus.
Here, we developed one-step, multiplex real-time RT-PCR for the detection and differentiation of ZIKV, DENV, YFV, and CHIKV in a single tube. After primer and probe screening and amplification system optimization, our multiplex assays only included a probe and primer pair for each virus to reduce the risk of nonspecific amplification. We also evaluated the performance of our multiplex assays with the serial 10-fold diluted reference viruses, and the R 2 value of linear regression for each reference virus was ≥0.98.
The 95% lower limit of detection for each virus was as follows (copies/reaction): ZIKV-Asian, 9; ZIKV-Africa, 15; CHIKV, 11;
DENV-1, 19; DENV-2, 13; DENV-3, 24; DENV-4, 36; and YFV, 17.
Meanwhile, our multiplex real-time RT-PCR has a good consistency with the corresponding commercial assay. Hence, our multiplex real-time RT-PCR assay was a useful method to differentiate these four pathogens.
| CONCLUSION
In conclusion, rapid differential diagnosis of ZIKV, DENV, YFV, and CHIKV infection is an urgent matter. Therefore, we developed one-step multiplex real-time RT-PCR assay that could simultaneously detect and differentiate these four pathogens in a single reaction with good performance on specificity, linearity, and sensitivity. Next, we would collect clinical samples to further confirm our multiplex assay. 
ACKNOWLEDGMENTS
CONFLICTS OF INTEREST
Authors declare that there are no conflicts of interest.
AUTHORS' CONTRIBUTIONS
All of the authors listed in the study have made substantial and intellectual contribution to the work and approved it for publication. 
ORCID
